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Abstract
Background: Mycobacterium avium subsp. paratuberculosis (Map) is the etiological agent of paratuberculosis. The
aim of our study was to combine Mini-and Microsatellite loci analysis in order to explore the effectiveness of this
sub-typing method in a group of Map isolates. For this purpose, 84 Italian Type C Map isolates, each from a
different cattle herd, were submitted to MIRU-Variable-Number Tandem-Repeats (VNTRs) typing and Short
Sequence repeats (SSRs) sequencing. Moreover, the method was used to analyse the variability inside 10 herds
(from three to 50 isolates per herd).
Results: The molecular sub-typing, carried out using three SSR and 10 MIRU-VNTR loci, differentiated the 84
isolates into 33 clusters, reaching a Simpson’s Discriminatory Index (SID) value of 0.952 (0.933 to 0.972, 95%
confidence intervals). Among all considered loci, six (SSR2, MIRU2, SSR1, SSR8, VNTR3527 and VNTR1067) showed
relevant allelic variability. Thirty-eight% of the isolates were clustered into four genotypes, differing from each other
for the SSR2 locus. The other isolates, characterised by differences in two or more loci, were spread among the rest
of the clusters. The intra-herd analysis revealed more than one genotype in most herds with a similar distribution
of clusters.
Conclusions: Our results revealed the advantage of using both Mini-and Microsatellite approaches for successfully
discriminating among Map Type C isolates from the same geographic area, host species and herd. These data
suggest that the combination of loci here proposed could be a useful molecular tool for regional epidemiological
studies.
Background
Mycobacterium avium subsp. paratuberculosis (Map) is
the etiological agent of paratuberculosis in cattle. This
disease can affect many ruminant species and other
wildlife animals [1].
Paratuberculosis is characterized in cows by severe
gastroenteritis, diarrhoea, weight loss, reduced milk pro-
duction and premature culling, leading to economic
losses [2]. Moreover, although still debated, some data
suggest a possible involvement of Map in Crohn’sd i s -
ease [3].
The knowledge of the causative agent of Paratubercu-
losis, both in terms of epidemiology and biodiversity
within different strains, could be useful, especially in
case of new outbreaks or in following Map’sd i f f u s i o n
pathway.
According to their genetic differences [1,4], Map
strains have been classified into four groups. However,
this classification only partially reflects their host-specifi-
city. Type S (sheep), also designed as Type I, seems to
be largely prevalent in sheep, while type C (cattle), also
known as Type II, represents the type most widely
recovered from various hosts and sources. Type B
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sub-type of Type I, designed as Type III, has been
reported [1,4].
Beyond the previously described classification, many
methods have been proposed for Map sub-typing
(reviewed in [4]); in particular, those based on the
amplification of repetitive-element loci, at present, are
considered the emerging Map sub-typing techniques [4].
The repetitive-element loci herein analysed, both
Mini-and Microsatellite loci (for the definition see [5]),
have been previously described [6-9] and their discrimi-
natory power has been evaluated [10-13].
The aim of this study was to explore the effectiveness
of this technique in isolates from the same country and
host species. For this purpose, we evaluated a combina-
tion of Mini-and Microsatellite loci in a panel of 84 type
C Map isolates, each recovered from a different Italian
cattle herd. In order to further investigate the effective-
ness of this technique, the proposed method was also
applied to 98 Map isolates originated from 10 herds
(from three to 50 isolates recovered from each single
herd).
Results
All the isolates were classified as Type C, showing a
PCR product of 310 bp (DMC-PCR) and the typical
Type C pattern in IS1311 PCR-REA (fragments 67 bp,
218 bp, 285 bp and 323 bp) (data not shown).
Minisatellite loci
Ten Minisatellite loci were considered for the calcula-
tion of the Simpson’sI n d e xo fD i v e r s i t y( S I D ) .L o c u s
MIRU2 showed the highest allelic diversity (h) (Addi-
tional File 1, Table S1), followed by loci VNTR1067,
VNTR3527, VNTR25, VNTR7, VNTR32, MIRU3 and
VNTR47. Finally, loci MIRU1 and VNTR3 did not show
any allelic diversity in our isolates.
Taken together, Minisatellite loci revealed 11 clusters
(Table 1), with a SID value of 0.686 (0.597-0.775, CI
95%). Two main genotypes (types MV 10 and MV 4)
clustered the 51% and 21% of the total isolates (Table
1). Type MV 9 clustered the 8% and type MV 5 and
type MV 3 the 6% and the 5%, respectively. These five
g e n o t y p e sd i f f e r e df r o me a c ho t h e rf o rt h r e el o c i :
MIRU2, VNTR1067 and VNTR3527.
Microsatellite loci
Among the 11 SSR loci proposed by Amonsin [7], three
loci (loci SSR1, 2 and 8) were selected for the analysis.
The selection was made according to previous evidence
indicating that these loci showed the highest allelic
diversities [7,12,14-17]. These observations have been
preliminarily confirmed analysing a set of 10 Italian iso-
lates [18].
The locus SSR1 showed five alleles (Table 2), while
the loci SSR2 and SSR8 showed four and three alleles
respectively. Overall, the analysis of SSRs loci grouped
the isolates into 15 clusters, with a SID of 0.840 (0.799-
0.881, CI 95%). Four main genotypes (types S 1, S 2, S 3
and S 4) clustered the 75% of the total, differentiating
each other only for the locus SSR2.
Combination of both Mini-and Microsatellite loci
A total of 33 different clusters originated from the com-
bination of the 13 loci, both Mini-and Microsatellites
(Figure 1 and Table 3). The final SID was 0.952, ranging
from 0.933 to 0.972 (CI 95%). Three main genotypes
resulted from the analysis of the combination between
MIRU-VNTR and SSR typing (types MVS 25, MVS 26
and MVS 27, Table 3). These three genotypes showed
Table 1 MIRU-VNTR pattern of the 84 Type C isolates coming from different herds
No. of copies MIRU-VNTR
MIRU-VNTR types No. of isolates % MIRU
a VNTR
b
1 2 3 25 32 3 7 47 1067 3527
MV 1 1 1.2 3 7 3 3 8 2 2 3 2 1
MV 2 1 1.2 3 9 5 3 8 2 1 3 2 2
MV 3 4 4.8 3 9 5 3 8 2 2 3 3 2
MV 4 18 21.4 3 9 5 3 8 2 2 3 2 2
MV 5 5 5.9 3 9 5 3 8 2 2 3 2 1
MV 6 1 1.2 3 7 5 3 8 2 1 3 2 2
MV 7 1 1.2 3 7 5 3 8 2 3 3 2 2
MV 8 2 2.4 3 7 5 3 8 2 2 3 1 2
MV 9 7 8.3 3 7 5 3 8 2 2 3 2 1
MV 10 43 51.2 3 7 5 3 8 2 2 3 2 2
MV 11 1 1.2 3 5 5 5 6 2 2 2 2 2
a MIRU loci according to Bull et al. [6].
b VNTR-MIRU according to Overduin et al. [8] for loci 1067 and 3527 and according to Thibault et al. [9] for loci 25, 32, 3, 7, 47.
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differed for the SSR type at SSR2 locus level. The types
MVS 26 and MVS 27 seem to be the most recovered
genotypes in the northern Italy, while the type MVS 25
was present even in the centre and south of the country
(Table 3).
Considering the three loci with the highest h (SSR2,
MIRU2 and SSR1), we obtained 18 clusters, with a SID
value of 0.915 (0.893-0.937) (Figure 1). Adding more
loci to the SID calculation, the slope of the graph
increased slowly, finally reaching the plateau phase after
the locus MIRU3.
The proposed method was then used to test the
inside-herd variability. Even after this analysis (Addi-
tional File 2, Table S2), the genotypes most frequently
found were MVS 26 and MVS 27, while others, like
types MVS 31 and MVS 32, seem to be confined to
only two herds placed in two adjacent regions (Lom-
bardy and Emilia Romagna, respectively). Moreover, this
investigation allowed finding out eight further genotypes
not detected with the previous analysis.
Three or more distinct genotypes, differing from each
other for both Mini-and Microsatellite loci, were iso-
lated from three herds placed in the same area (herds
31, 32 and 33), while in four herds, two (herds 43, 59
and 79) or three different genotypes (herd 82), diverging
each other only for the SSR2 locus, were recovered
(Additional File 2, Table S2).
Discussion
This study was mainly conducted to evaluate the effec-
tiveness of a panel of selected Mini-and Microsatellite
loci for sub-typing closely related isolates. The 84 iso-
lates included in this study have not been previously
sub-typed with any other method and were identified as
Type C. Most of the isolates analysed were from two
northern Italian regions (Lombardy and Emilia
Romagna), where about the 60% of the National dairy
farms is located. Few isolates derived from other north-
ern regions (Piedmont and Veneto), while the rest of
the isolates came from herds located in the centre and
south of Italy. As a result, the sampling was not repre-
sentative of the whole country, so epidemiological con-
clusions about the distribution of the different
genotypes could not be drawn. Moreover, it is very plau-
s i b l et h ee x i s t e n c eo fl i n k sr e l a t e dt oc a t t l et r a d i n g
which can further complicate the epidemiological
analysis.
Considering the 84 isolates from different herds,
despite the above mentioned limits, type MVS 25 profile
was recovered in the whole country, while those con-
taining types MVS 26 and MVS 27 seem to be confined
in the northern Italy. These genotypes showed the most
frequent MIRU-VNR pattern profile and differed for the
locus SSR2. In a recent paper, Douarre et al. [13]
reported similar results for 38 type C isolates from Ire-
land. These authors concluded that the analysis of Min-
isatellite loci could be useful for producing broad
epidemiological data, especially in terms of establishing
the interrelatedness of the isolates, while Microsatellite
loci seem to be more informative producing unique
genetic fingerprints.
Table 2 SSR pattern of the 84 Type C isolates coming
from different herds
SSR
a
SSR types No. of isolates % 1 2 8
S 1 6 7.1 7 9 4
S 2 23 27.4 7 10 4
S 3 18 21.4 7 11 4
S 4 16 19.0 7 > 11 4
S 5 1 1.2 8 > 11 5
S 6 1 1.2 8 9 3
S 7 2 2.4 8 10 4
S 8 1 1.2 9 11 4
S 9 2 2.4 10 10 5
S 10 1 1.2 > 11 > 11 5
S 11 1 1.2 > 11 10 4
S 12 5 6.0 > 11 10 5
S 13 3 3.6 > 11 11 5
S 14 2 2.4 > 11 > 11 5
S 15 2 2.4 > 11 > 11 4
a SSR according to Amonsin et al. [7].
Figure 1 The 13 loci were sorted by allelic diversity, starting
from the highest value and adding each locus to the sub-
typing analysis. All the obtained combinations were analysed
separately, in order to evaluate the SID trend. Confidence intervals
of 95% were also showed. The numbers over the curve indicates
the clusters obtained with the specific loci combination. Note that
the SID value increased until locus MIRU3 (0.952).
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most frequently found were MVS 26 and MVS 27,
while others types seem to be limited to some herds
(e.g. type MVS 32). As recently reported [19], we
noticed that herds characterised by an elevated turn-
over of cows showed many sub-types of Map (i.e.
herds no. 31, 32 and 33), which differed each other for
both Mini-and Microsatellite loci (Additional File 2,
Table S2). Interestingly, the herds 57 is the only herd
in the south of the country where type MVS 26 was
recovered, suggesting, as a possible route of infection,
the introduction of infected animals from the northern
Italy.
More in general, the presence of different types of
Map within the same herd might suggest i) multiple
infection due to the introduction of infected animals or
ii) divergence of the isolates caused by locus instability.
Regarding this last hypothesis, as inferred from pre-
vious reports [7,11-13,16,17], locus SSR2 showed a very
high variability. The stability of the SSRs loci has been
demonstrated “in vitro“ by testing three strains after ten
subcultures [17], but no data are available about the “in
vivo” stability. Nevertheless, in M. avium 104 genome,
the locus SSR2 is localised in an intergenic region
between “rph“ and “rdgB“ genes, while the same region
o nM a pK 1 0d o e sn o ts e e mt oc o d ef o ra n yp r o t e i n ,
Table 3 MIRU-VNTR/SSR pattern of the 84 Type C isolates coming from different herds
MIRU-VNTR/SSR types No. of isolates % MIRU-VNTR
types
a
SSR
types
b
Herd No.
c
MVS 1 1 1.2 MV 1 S 4 37
MVS 2 1 1.2 MV 2 S 3 18
MVS 3 2 2.4 MV 3 S 2 64, 69
MVS 4 2 2.4 MV 3 S 3 15, 61
MVS 5 3 3.6 MV 4 S 1 2, 23, 66
MVS 6 4 4.8 MV 4 S 2 54, 55, 82, 84
MVS 7 3 3.6 MV 4 S 3 8, 49, 59
MVS 8 3 3.6 MV 4 S 4 5, 14, 21
MVS 9 1 1.2 MV 4 S 6 81
MVS 10 2 2.4 MV 4 S 7 10, 71
MVS 11 1 1.2 MV 4 S 8 39
MVS 12 1 1.2 MV 4 S 11 1
MVS 13 3 3.6 MV 5 S 2 17, 25, 72
MVS 14 2 2.4 MV 5 S 4 29, 63
MVS 15 1 1.2 MV 6 S 15 47
MVS 16 1 1.2 MV 7 S 4 28
MVS 17 1 1.2 MV 8 S 12 65
MVS 18 1 1.2 MV 8 S 14 36
MVS 19 3 3.6 MV 9 S 2 41, 45,5 1
MVS 20 1 1.2 MV 9 S 3 9
MVS 21 1 1.2 MV 9 S 4 12
MVS 22 1 1.2 MV 9 S 5 62
MVS 23 1 1.2 MV 9 S 15 83
MVS 24 3 3.6 MV 10 S 1 31, 42, 67
MVS 25 10 11.9 MV 10 S 2 24, 27, 34, 40, 48, 58, 60, 73, 74, 76
MVS 26 11 13.1 MV 10 S 3 6, 13, 16, 30, 35, 43, 44, 57, 68, 77, 79
MVS 27 8 9.5 MV 10 S 4 4, 7, 22, 32, 53, 56, 70, 80
MVS 28 2 2.4 MV 10 S 9 20, 26
MVS 29 1 1.2 MV 10 S 10 50
MVS 30 4 4.8 MV 10 S 12 11, 46, 75, 78
MVS 31 3 3.6 MV 10 S 13 19, 38, 52
MVS 32 1 1.2 MV 10 14 33
MVS 33 1 1.2 MV 11 S 2 3
SID 0.933-0.972 0.597-0.775 0.799-0.881
a according to Table 1
b according to Table 2
c in bold and underlined are indicated herds in the centre and south of the country, respectively, while the rest of the herds are placed in the north of Italy.
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potential hot spot for mutation occurrence.
Loci SSR1 and SSR8 showed lower variability in com-
parison with locus SSR2. The two most frequently found
alleles for the locus SSR1 had seven and more than 11
repeats (76% and 15% of the isolates, respectively). Simi-
lar results were achieved for locus SSR8 with the alleles
containing four and five repeats (70% and 28%, respec-
tively). For this latter locus we found one isolate contain-
ing the allele with three repeats, which has been observed
only in Map type S strains [7,11-13,16,17].
The DNA region target of MIRU3 locus seems to be
related to some components of the regulatory system
involved in oxidative response in other mycobacteria
[15]. In our isolates the predominant allele carried five
repetitions, a variant previously associated with a higher
degree of virulence compared to those with three
repeats (i.e vaccine strain 316F). However, we found two
isolates with this last allele (types MVS 1 and MVS G2,
see Table 3 and Additional File 2, Table S2) in two
farms placed in adjacent provinces of the northern Italy,
confirming that, although rare, it is circulating even in
field strains [9,10].
Guidelines for validation and application of typing
methods for epidemiology [20] proposed that the discri-
minatory index value for the evaluation of epidemiologi-
cal data should be upper than 0.95. In our study, the
analysis of 13 loci enabled a SID of 0.952. However,
some authors considered even 0.90 as an acceptable cut-
off value, because Map is an organism characterised by
limited genetic diversity [1]. In this regard, an exceeding
result (0.915, from 0.893 to 0.937) can be reached con-
sidering only the three loci with the highest allelic diver-
sity (SSR2, MIRU2 and SSR1) (Figure 1). Accordingly,
these loci could be considered the first choice for sub-
typing field isolates.
Finally, our data indicated that the use of Minisatellite
loci alone did not seem appropriate to reach good dis-
criminatory indexes in homogeneous group of isolates
(SID 0.686). These findings suggest its application
should be coupled with other techniques (i.e. PFGE or
RFLP [1,10,16]) or eventually used to sub-type among
different Map types [15].
Conclusions
Our data confirm the combined use of Mini-and Micro-
satellite loci as a suitable tool to sub-type Map, even in
isolates recovered from the same host species (cattle),
originating from the same country (Italy) and belonging
to the same type (Type C). MIRU-VNTR loci analysis is
a robust and simple technique, but, in order to reach
appropriate discriminatory indexes among homogeneous
isolates, it should be associated with the analysis of SSR
loci or other techniques.
Finally, these data suggest that the combination of loci
here proposed, coupled with other epidemiological
information (i.e. animal trading), could be a useful mole-
cular tool for both national and regional epidemiological
studies.
Methods
Isolates collection
Eighty-four Map isolates, each from a different herd,
were enrolled in this study. The herds were primarily
located in two northern Italian regions, Lombardy and
E m i l i aR o m a g n a .W h e nm o r et h a no n ei s o l a t ew a s
recovered from the same herd, the one included in the
analysis was randomly selected.
For the evaluation of the inside-herd diversity, we con-
sidered even 98 isolates recovered from 10 herds (ran-
ging from three to 50 isolates from each herd). Herds
numbered as 31, 32, 33, 43, 59, 77 and 79 were placed
in the northern Italy, herds 82 and 84 in the centre of
Italy and herd 57 in the south of Italy.
All the isolates included in the analysis were collected
from 2007 to 2010 and derived from individual faecal
samples by cultivation on Herrold’s egg yolk medium
(HEYM), containing 2 mg of mycobactin J/ml, supple-
mented with Chloramphenicol (30 mg/l) (HEYM/CAF)
or with Nalidixic acid (50 mg/l), Vancomycin (50 mg/l)
and sodium pyruvate (4 g/l) (HEYM/ANV). Suspected
colonies were sub-cultured in HEYM/ANV medium
with and without mycobactin. According to previous
reports [10,11], Map identity was confirmed by Ziehl-
Neelsen staining, mycobactin dependency, IS900 end-
point PCR and by a newly developed F57 qPCR.
The DNA was extracted suspending one colony in 100
μl of distilled sterile water and boiling for 20 min. The
bacterial lysate was directly used in PCR.
IS900 PCR reactions were carried out according to
Taddei et al. [21]. F57-qPCR reaction was carried out
on StepOne Plus system (Applied Biosystems, Monza,
Italy), with 0.3 μM concentration for both primers (F57-
forward ATAGCTTTCCTCTCCTTCGTC; F57-reverse
CAGGGCAACAACATATTCGG). Cycle conditions
were: initial denaturation/activation at 95°C for 10 min,
followed by 35 cycles with 15 s of denaturation and 30 s
annealing/extension at 62°C. PCR was monitored in real
time by acquiring data with the SYBR Green channel
( E x4 8 8n ma n dE m5 2 2n m ) .T h ethreshold cycles
( C t s )w e r ea l w a y sl o w e rt h a n3 0 .T h ee f f i c i e n c yo fP C R
reaction (estimated as 96%) was calculated according to
Pfaffl’s method [22]. The analytical specificity of this
PCR was tested using a panel of strains (derived from
both culture collection and field isolates) belonging to
M. avium subsp. avium (one strain and two field iso-
lates), M. avium subsp. silvaticum, M. avium subsp.
hominissuis, M fortuitum, M gordonae, M. intracellulare,
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Page 5 of 7M. marinum, M. smegmatis, M. phley, M. scrofulaceum,
M. microti, M. xenopi, M. bovis BCG, M. bovis (two
field isolates), M. tuberculosis, M. terrae and M. porci-
num (three strains). No amplification was observed with
these bacteria (data not shown).
Assignment of Map-type
For the assignment to type S or C, we performed allele
specific PCR (DMC-PCR) [23], while to exclude the pre-
sence of types B in our isolates, IS 1311 PCR, followed
by restriction endonuclease analysis (PCR-REA), was
done [24].
Minisatellite typing
Ten loci were analysed according to the procedures
reported in the original papers. Particularly, we ampli-
fied three loci (MIRU1, MIRU2 and MIRU3) described
by Bull [6], two loci (VNTR1067 and VNTR3527) by
Overduin [8] and five loci (VNTR25, VNTR47, VNTR3,
VNTR7 and VNTR32) described by Thibault [9].
The number of repeats was calculated as reported in
the guidelines for bacterial typing methods [20] after
conventional gel electrophoresis (1.5% agarose gel).
Microsatellite typing
Three microsatellite loci (SSR1, SSR2 and SSR8) were
investigated. All PCR reactions were carried out in a
final volume of 25 μl with @Taq (Euroclone, Pero, Italy)
on “Mastercycler ep gradient s”, according to Amonsin
et al. [7]. The amplicons were sequenced by Beckman
Coulter CEQ 8000 automated sequencer with DTCS
Quick start chemistry (Beckman Coulter), according to
the manufacturer’s instructions. Raw traces were ana-
lysed and peaks were identified using “Sequencing “ and
“Investigator” packages of CEQ 8000 software (version
8.0). The number of repeats identified by the software
was also checked by manual reading. During the ampli-
fication, repeated sequences can led to polymerase slip-
page, resulting in stutter peaks. These artefacts could
induce to misleading interpretation of the number of
nucleotide repeats present in the locus. To avoid any
possible bias and according to a previous paper [12], we
considered up to 11 residue repeats as suitable cut-off
for the loci SSR1 and SSR2.
Allelic Diversity and Simpson’s Discriminatory Index
The Allelic Diversity (h) was calculated with the for-
mula 1 −

x2
i (n/n − 1),w h e r en is the number of
isolates and xi is the frequency of the ith allele at the
specific locus [25]. The Simpson’sI n d e xo fD i v e r s i t y
(SID) was evaluated with the formula
1 −
1
n(n − 1)
)
S 
j=1
xj(xj − 1),w h e r en is the total
number of isolates tested, S the number of different
genotypes and xj is the number of isolates belonging to
the jth genotype [26]. The index was calculated by
using the free software Discriminatory Power Calcula-
tor http://insilico.ehu.es/mini_tools/discriminatory_-
power/, while confidence intervals of 95% were
calculated according to Grundmann [27].
Additional material
Additional file 1: Table 1S: Number of isolates with the specific
allele copy number and allelic diversity. The file contain data on the
allelic diversity of the loci considered in this study.
Additional file 2: Table 1S: MIRU-VNTR/SSR pattern of 98 Type C
isolates coming from 10 herds. The file contain data about the
variability recovered inside 10 herds.
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